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ABSTRACT

Silicon nitride is an excellent candidate for many engineering ceramics. Slip casting
is a promising method for forming these ceramics.

This study examines some of the parametcrs relevant to slip casting and the green
state of silicon nitride. Of these parameters, viscosity was found to be one of the most
impcrtant. Generally, it is desirable to keep the slurry viscosity low with the solids con-
tent as high as possible. Outside of particle size and shape, the primary viscosity control-
ling factor is the chemistry of the interface betwesen the silicon nitride particles and the
suspending medium. The roles played by pH adjustments and dispersing agents in this
regard are examined. Viscosities and green densities for different solids loading were
determined. The ultrasonic moduli was also determined.

A relatively narrow range of slurry solids concentrations resulted in good, uncracked
gteen bodies. A linear relationship between the ultrasonic moduli and the green density
was observed.
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INTRODUCTION

The superior high-temperature properties of silicon nitride are well known. It has good
strength, excellent high temperature strength, oxidation resistance, and is resistant to thermal
shock. These properties make silicon nitride a good choice for many structural ceramics.
Additionally, its high thermal conductivity and low dielectric constant make it a possible candi-

date for electronic substrates.

Knowledge in the areas of characterization, machining, and proper firing parameters is
growing and crucial to the production of modern ceramics. Such knowledge also makes it
increasingly evident that a poor initial green body cannot result in a good final product.
Many fabrication problems can be traced back to the processes such as casting and green
body preparation and attention is being concentrated in these areas.!

Slip casting is one of the more promising methods of producing complicated ceramic
shapes and is easily accomplished in a laboratory setting. Many of the parameters associated
with slip casting are relevant to other processes such as pressure casting, and to a lesser
extent, injection molding and extrusion.

This study examines some of the parameters relevant to slip casting and the green state
of silicon nitride. Of these parameters, viscosity was found to he one of the most important.
Generally, it is desirable to keep the slurry viscosity low with as high solids loadings as possi-
ble. Outside of particle size and shape, the primary viscosity controlling factor is the chemis-
try of the interface between the silicon nitride particles and the suspending medium.” The
roles played by pH adjustment and dispersing agents in this regard are examined. Viscosities
for different solids loadings were determined and green body densities obtained. Characteriza-
tion also includes ultrasonic nondestructive testing and mercury porosimetry.

EXPERIMENTAL PROCEDURE

The starting powder for the bulk of these experiments is UBE-SN-E-10.* Another similar
powder, TOSOH-TS-10,t was also used for comparison purposes in two experiments. Both
powders are synthesized by the thermal decomposition of silicon diimide and both have nearly
identical sedigraph particle size distribution curves, chemical analysis, surface areas, and alpha
phase content, as listed in Table 1.

The silicon nitride powder was combined with 6% yttria, 2% alumina to form a slurry
with distilled water and either a commercial dispersant or ammonium hydroxide for pH con-
trol. The 6% yttria, 2% alumina slurries were mixed overnight in plastic Nalgene jars. Sili-
con nitride milling media were added to the containers to aid mechanical dispersion. The
slurnes were de-aired approximately 10 minutes in vacuum before testing and pouring.

*UBE Industries, Ltd., 7-2, Kasumigaseki 3-Chouse, Chiyoda-Ku, Tokyo 100, Japan.

PTOSOH Corp., Manyo Plant 4560, Tonda, Sinnanyo-shi, Yamaguchi-ken 746, Japan.

1. TORRE, J. P, and BIGAY, Y. Fabrication of Silicon Nigide Parts by Slip Casting. Cer. Eng. Sci. Proc,, v. 7-8, 1986 (Cocoa Beach Conf.)

2. PERSSON, M, HERMANSSON, L., and CARLSSON, R. Some Aspects of Slip Casing Silicon Nitride and Silicon Carbide in Ceramic
Powders, Flsevier Scientific Publishing Co., Amsterdam, Holland, 1983, p. 735.

3. RABINOVICH, LEITNER, S, and GOLDENBERG, A. Slip Casting of Silicon Niwide for Pressureless Sincering. ). Materials Science, v. 17,
1982, p. 323.

4. OLAGNON, C. MCGARRY, D., and NAGY, E. The Effect of Slip Casting Parameters on the Sintering and Finul Properties of SisN+. Br.
Ceram. Trans., J., v. 88, 1989, p. 75.

5. WHITMAN, P. K, and FEKE. D. L. Comparison of the Surface Charge Behavior of Commercial Silicon Nitride and Silicon Curbide Powders.
J. Am. Ceram. Soc., v. 71 no. 12, 1988, p. 1086,



Table 1. COMPARISON OF UBEZ-SN-E-10 AND TOSOH-TS-10
SILICON NITRIDE STARTING POWDERS

Chemical Analysis
(wt%) UBE-SN-E-10 TOSOH-TS-10
N 38.0 38.0
(o] 26 1.0
C 02 0.05
Cl 0.01 0.030
Fe 0.01 0.010 ¢
Al 0.005 0.005
Ca 0.005 0.005 .
Mean Particle Size 06 0.6
(em)
iﬁ;,cig%%;dace 1.0 122
?,lsha-ﬁ’hase Content 95 96

Since only 75 grams of powder comprised each specimen, a small sample adapter was
utilized for the Brookfield viscometer measurements. The slips were poured onto plaster
of paris molds to form either plates or bars, which were allowed to dry several days under
ambient conditions. All green bodies were heated in air to 700°C for one hour to drive
off moisture and burn out any additives. This heating cycle was completed in about seven
hours.

The plates, about 5.5-cm square x 0.9-cm thick, were ultrasonically tested with dry cou-
pling transducers to determine the longitudinal and transverse ultrasonic velocities.
Young's moduli, the shear moduli, and Poisson’s ratio were then calculated from these
velocities. They were then broken into pieces for density measurements utilizing a mer-
cury autoscan porosimeter. Pieces as large as five grams were used for density measure-
ments, but actual porosimeter curves could only be obtained with smaller, one gram pieces.
The limiting factors are the porosimeter sample cell size and the limited volume of mer-
cury in the cell stem which could be absorbed by these very porous green bodies under
pressure.

pH-CONTROLLED VISCOSITIES

Figure 1 indicates the change in pH of a silicon nitride slip with time. This slurry, con-
sisting of 75 g of UBE powder and 112.5 g distilled water (40% solids), was continuously
mixed in a plastic jar containing silicon nitride milling media. No additives were present in
this powder-water mixture. The pH was periodically obtained during the course of four days
and was found to rise most rapidly during the first few hours.

This pH increase with time, accompanied by a corresponding decrease in viscosity,
probably contributes to the popularity of "aging” slips in their water environment before
casting.
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Figure 1. pH versus mixing time ‘or a 40% UBE silicon nitride - 60% distilled water slurry.

This rise in pH with time was also noted by Pivinskii, et al.® who suggest the nitride decom-
poses in an initial time peiiod of three to five hours, after which there is no additional rise in pH.

The Figure 1 data confirms the pH increase, but at a much slower rate. Indeed, a pH
measurement taken of the Figure 1 slurry three davs after the final test indicated that after
215 hours the pH was still rising slightly (pH = 9.49 at 215.22 houis).

P. Greil et al.” refer to the aging effect and explain the pH change in terms of sur-
face compositior. and impurity content of the silicon nitride starting powders. They relate
an increase in pH to a high dissociation constant for the nitride decomposition proposed
in Reference 6, but note that a silica-like surface area would cause a pH drop due to the
hydrolysis of silica and disassociation of silicon acid.

The pH change of a silicon nitride slip thus represents a balance between the hydrolysis
of the pure silicon nitride and the hydrolysis of the silica surface layer.

Powder surface treatments such as preoxidation and chemical leaching would increase the
availability of silicon-oxygen compounds on the particle surfaces and lower the pH. Such pro-
cesses result in improved slips,8 but sintering parameters and/or the fina! product may be
affected. Obviously, manufacturers would prefer not to pretreat but to use the starting pow-
ders as-received. Careful characterization then becomes necessary, for the as-received particle
surface chemistry will dictate processing parameteis and achievable viscosities.

6. PIVINSKII, YU. E, PODOBEDA, L. G.. BURAVOV, A. D, and POLUBATONOVA, L. P. Some Properties of Aqucous Silicon Nivide Sus-
pensions.  Poroshkovaya Metallurgiya, no. 3 (159), March 1976, p. 37.

7. GREI, P, NAGEL, A, STADELMANN, H., and PETZOW, G. Review; Colloidal Processing of Silicon Nigide Ceramics. Ceramic Materi-
ais and Components for Engines, p. 319.

8. STADELMANN, H., PETZOW, G., and GREIL, P. Effects of Surface Purification on the Properties of Aqueous Silicon Nitride Suspensions.
J. European Ceramic Society, v. 5, 1989, p. 155.




The high pHs attained by the Figure 1 slurry would indicate the presence of very little
silica, or rather a relatively thin silica-like surface layer on the UBE starting powder. The
continuing rise of pH with time might correspond to the exposure of new silicon nitride sur-
face areas, either from the breakup of the silica-like particle coating or the breakup of the
particles themselves. The latter is likely to be negligible in a mixing rather than a milling
operation.

An indication of the amount of silicon oxygen compounds on the particle surfaces of the
UBE powder of this study was determined by an oxygen analysis performed by Luvik, Inc. of
Boylston, MA. A slurry was prepared identical to the slurry of Figure 1. Eight samples s
were withdrawn from this second slurry over the course of several days. These samples were
dried and the resulting powder analyzed for oxygen content. Test results indicated no signifi-
cant change in oxygen with either pH or time during the course of this experiment. All sam- .
ples indicated about 1.37% oxygen, consistent with the 1.3% oxygen listed in the UBE data
sheets. Of this amount of oxygen present in the samples, approximately 70% is estimated to
be concentrated at the particle surfaces in powders processed by the UBE route.” The pow-
ders of this study, therefore, have a relatively thin silica-like particle coating accounting for
approximately 0.96% oxygen impurity.

The graph in Figure 2 demonstrates the dependence of slip viscosities on pH for the
as-received UBE powder with the 6% yttria, 2% alumina sintering aids. It is well known
that slip viscosities will drop with either very high or very low pH, as powder particles of
either positive or negative charge will repel each other. Zeta potential measurements as a
function of pH can be used to determine optimum slurry conditions. Highly negative and
highly positive zeta potentials correspond to highly charged particles and good dispersion,
with the worst slurry conditions occurring at a zeta potential near zero. For silicon
nitride, the zeta potential isoelectric point occurs at a pH of 5 to 6 (see Reference 7, 3,
and 10). High zeta potentials correspond to pHs below 3 and above 9. Slips are not gen-
erally produced in the low pH range since the viscosities are optimized at such highly
acidic slips that equipment and mold lifetimes are significantly reduced. Other considera-
tions include the effectiveness of commercial processing additives and compatibility of sinter-
ing aids in an acid environment.

The Figure 2 basic pHs were adjusted with ammonium hydroxide. As the soiids loadings
increase, the Figure 2 curves become steeper and move to the right. Higher pHs are neces-
sary to obtain optimal low viscosities as the particles pack closer together. At the highest sol-
ids concentrations, small changes in pH result in large viscosity changes until minimum
viscosities are achieved.

Silicon nitride slips are notoriously pseudoplastic (see Reference 2, 4, and 11). The L
extent of this shear-thinning is evident in Figure 3, where higher shear rates result in lower
measured slip viscosities. Since shear rate sensitivity decreases at higher values, there is an
advantage to working at higher shear rates for data comparison and reproducibility. Also, 4
thixotropic effects are reduced at higher shear rates.!! Subsequent figures in this study
include data at different shear rates to further characterize the shear thinning effect.

9. DANFORTH, S. C., and HAGGERTY, J. S. J. Am. Ceram. Soc., v. 66, 1983, ¢. 58.

10. SHAW, T. M., and PETHICA, B. A. Preparaiion ond Sinering of Homogeneous Silicon Nitride Green Compacts. J. Am. Ceram. Soc., v. 69,
no. 2, 1986, p. 83.

11. MOORE, F. The Rheology of Ceramic Slips and Bodies. Br. Ceramic Research Association 10-28-58 (try Trans. Brit. Ceram. Soc.,
starting '59).
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Figure 4 indicates the lowest attained viscosities for the UBE silicon nitride with 6%
yttria, 2% alumina slurries. These viscosities were obtained by noting the pH and solids
concentrations of the minimum viscosities in Figure 2. The left axis indicates the mini-
mum pHs needed to attain the viscosities while the right axis indicates the corresponding
solids content. The pH values rise at approximately the same rate as the solids concentra-
tions within the range exhibited in Figure 4. As can be seen, the curve starts to flatten
at about 60% solids ccncentrations. Additional solids resuit in large viscosity increases, lim-
iting slip casting to solids concentrations under 65% for this type of slurry.

pH Solids - 4
§7h . i@
A
Lk "K -~
95+ /,/;* 45
R] S 1%
9+ D fate 43
o MYz
4+ X.bfse
*  15.8fse
H-g ] L Il i 1 - 20
0 5 10 15 A o) K]

Viscosity - centipoise

Figure 4. Lower attained viscosities for solids concentrations (right axis) at
the correspor wing nHs (left zxis). The middle curve (shear rate = 39.6/sec)
can be determined from the minimum viscosities in Figure 2.

SLIPS WITH COMMERCIAL ADDITIVES

A commercially av. ilable dispersant, Darvan C,* was added to several slips. Darvan C is an
ammonium polymethacrylate aqueous solution containing 25% solids. Varying amounts of this lig-
uid, about 0.2% to 0.4% of the slurry solids content, was found to optimize the slip viscosities.
The slips containing the Darvan C additive behaved similarly to slips without the additive but at
lower pHs. Shear-thinning behavior was still evident. As can be seen in Figure 5, the effect of
this additive was to lower the pH at which the minimum viscosity was reached.

An advantage to using Darvan C is easier viscosity control since a small amount of this

additive lessens the nced for the pH - controlling ammonium hydroxide which is volatile (and
pungent). Also, the more highly basic slips can be detrimental to equipment and molds.

*R. T. Var. rerbuilt Co., Norwalk, CT.
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Finally, the zeta potentials of the yttria and alumina sintering aids are closer to the silicon
nitride zeta potential in the less basic Darvan C slips. A disadvantage is the inclusion of a
burn-out step in the removal of this additive, although residual ash (0.04 wt%) is minimal.
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Figure 5. Lowest attained viscosities for Darvan C slures for solids concentra-
tons (right axis) at coresponding pHs (left axis). Compariso.: with Figure 4
indicates the same optimal viscosities are achieved at lower pH values.

Approximately 0.05% of another commercial dispersant, Lignosoi NST-150,* was added to
some slips. Slurries containing this lignosulphonate wood derivative did not exhibit uniform
theological behavior. Some of the slips with high solids concentrations were rheopectic, but
this could be exacerbated by the small sample sizes which dry quickly. Shear-thinning was
much reduced, and a slurry containing the very low solids concentration of 35% was dilatant
at the lower sncar rates. This is illustrated in Figure 6. The Figure 6 axes are the same as
the Figure 3 axes for easier comparison. Reference 2 also notes a marked shear-sensitivity
decrease in slurries containing a lignosulphonate dispersant.

Any advantage to using lignosulphonate dispersants must be weighed against the difficulty of
burning the additives out of the resultant green bodies. A crucible containing Lignosol NST-150
was heated to 800°C for three hours in air after which 0.71% solid residue yet remained.

Four slips were prepared with 0.6% Polyglycol E400,7 a plasticizer. Green bodies con-
taining this additive seemed somewhat less prone to cracking, but the liquid slips were very
slightly more viscous. This can be seen in Figure 7, which compares the resulting viscosities

of ail the slurries of this study.

.

*Daishowa Chemicals, Inc.. Quebec, P. Q., Canada.

1Dow Chemical Co., Midland, MI.
12. SHEPPARD, L. B. The Changing Demand for Ceramic Additives. Ceramic Bulletin, v. 69, no. 5, 1990, p. 802



Viscosity

k]
lids - £
T |

ar + &
* 3

P RS

B * »

-+
+

0r : "
+

Sk ’ .

o * ;L_ .l A 1

0 d 4 ® % {0

Shear Fate - sec

Figure 6. Viscosity versus shear rate for a siurry containing Lignosol NST 150,
The anomalous rheclogical bahavior is apparent it omparison with Figura 3.

Solids - %
n
///
o
SRS /-P/J&
o
'*;l' Q
o o
Q0
P
/ 0.5 dew 1t
¢ B
+ B Al
oy 0 liresl
* 5
a

0 5 9 b d & X 3 q
Viscosity - centipgise
Figura 7. Soids concemration varsus vscnsty  The bettar shurmes (high souds,

low isCoshes) worg otxainnd wih the TOSOH starting powdier, whoraas the skt
ries wih the poly Gvcal addtive (PEG) fellin the poorer regron beneath the curve.




Sl R O S R B R s T T

Two slips were prepared from an as-received TOSOH silicon nitride powder in an identi-
cal fashion as the UBE slips of Figures 3 and 4. The pH-controlled viscosity data from these
two slips are also included in Figure 7. All the Figure 7 slurries contain the 6% yttria, 2%
alumina sintering aids. The single, high shear rate of 79.2/sec was choscn to more easily com-
pare the data.

All the slurries tend to follow a general curve, with the polyglycol additive (PEG) slurries
slightly under the curve, and the TOSOH slurries slightly above the curve in a higher, more desir-
able region. Whether controlled by pH alone (ammonium hydroxide), or with the aid of disper-
sants, the slurries of the as-reccived starting powders all have Jimiting viscosity and solids
concentration valucs within 3% of the Figure 7 curve. Changes in powder surface treatments or
particle shape, size, or distribution appear to be necessary to significantly alter this curve.

GREEN BODY CHARACTERIZATION

Slip casting requires a low viscosity for the slurry to he poured and dewatered, especially
for intricate shapes. At the same time, a high solids concentration is nccessary to minimize
shrinkage and achicve a dense, sinterable green body.

Cracking was evident in grecen bodies cast with solids concentrations under 527 and
exceeding 62% with or without the commercial dispersants. It was noted that the cracking
was somewhat abated in slips containing the PEG plasticizer and in slips which were dried in
a high humidity, low temperature eavironment,

Densities and porosimcter curves were obtained for green bodies cast of slips within the
54% to 62% solids range and dricd under ambicnt conditions. Two of the slips were comprised
of the TOSOH starting powders, the rest of the UBE powders.  Four of the UBE slips con-
tained about 0.3% Darvan C, and four other UBE slips contained 0.6% Polyglycol E400.

Densitics of small, porous green bodics are not casily measured. Geometric densitics are
not adequate for very small samples, especially if the shapes are not exactly regular. Combina-
tions of coatings and the water-Archimedes method proved difficult to implement, although
Reference 13 describes a glucose-Archimedes method which is successful with green bodies of
low porosity.'J

Densitics were obtained by placing each specimen in a porosimeter sample cell.  Mcercury
was introduced into the cells under atmospheric pressure. The measured sample weights and
the combined mercury-sample weights, together with the known cell vaolumes and mercury den-
sity, were utilized to calculate the sample densitics,  These densities were plotted against sol-
ids concentrations. The somewhat scattered results comprise Figure 8 from which a few
general trends can be noted.

The green body densitics in this study generally rise with solids concentrations, which is
to be expected. The better densities were achieved with the TOSOH starting powders, and
the worst with the slurries containing the PEG additive.  This detrimental effcet might bhe off.
set, however, if cracking could be controlled by this additive such that a higher solids loading
were possible.

13. PENNING, £. C. M, and GRELINEUR, W Precise Nondesoucnive Deiermination of ihe Density of Porous Coramics. 1. Am. Ceram Soc,
v. 7L no. 7, 199, p. |64
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The green body densitics were corfirmed in an interesting way. The intruded volumes of
mercury were obtained from the porosimcter curves of all the green bodies. The intruded
volume was added to the volume occupicd by the green body solids, assuming the solids den-
sity to be 3.28 g/cc. (This compositc density is obtained for a 6% yttria, 27 alumina, 92%
tilicon nitride with individual densities of 5.03, 3.99, and 3.20 g/cc, respectively., The sample
weight was then divided by the combined volumes. The resulting values comprisc Table 2
where they are compared to the densities previously obtained by the modificd mercury
Archimedes method. It is readily apparent that the densities calculated from mercury intru-
sion agreed very well with the more conventionally obtained densities.  In many cases, the
values match to all three significant digits. The minor discrepancies occur at the higher
densitics for scveral reasons, One is that the sample passageways become so small that
higher applicd pressures must be utilized for more complete mercury intrusion.  The porosi-
meter curves flatten so gradually at these higher pressures, it is difficult to estimate the {inal
total intrusion values. It is even possible that the higher density green bodies contain a very
small volume of porosity which is not surface connected. These possibilities favor an error
which would give artificially high density values, which is the case here. Nevertheless, the
close agreement of the densitics in Table 2 indicates the Figure 8 scatter is more likely due
to inconsistencics in pH and powder measurements than green density measurements,

Figures 9a and 9b arc representative porosimeter curves {or samples of the same mass but
diffcrent densitics.  The Figure 9a graph illustrates the trend for mercury to enter the low den.
sity samples under a low pressure, foflowed by a steep intrusion curve which levels off quickly.
The higher density curves, however, start at higher initial pressures, then rise and level off more
gradually, as illustrated in Figure 9b,

10
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Table 2. COMPARISON OF DENSITIES CALCULATED BY TOTAL INTRUDED MERCURY (SAMPLE
MASS/COMBINED VOLUME) AND BY THE MODIFIED MERCURY-ARCHIMEDES METHOD
(CONVENTIONALLY MEASURED DENSITY)

Porosimeter Intruded Solids Sampie Mass Conventionally
Sample Sampile Mass Volume Volume Combined Volume Measured Density
Description Q) (cc) (ce) {g/cc) {g/ce)
UBE 0.911 0.3795 0.2779 1.37 1.37
UBE 0.864 03195 0.2633 1.48 1.47
UBE 1.285 0.45268 0.3857 1.51 1.51
UBE 1.296 0.4020 0.2951 1.63 1.61
UBE, Darvan C 0.923 0.3823 0.2814 1.3 1.39
UBE, Darvan C 1.083 0.4048 0.3302 147 1.47
UBE, Darvan C 1.070 0.3921 0.3262 1.49 1.48
UBE, Darvan C 1.253 0.4248 0.3820 158 1.54
UBE, PEG 1.02 0.4528 0.3110 1.34 1.38
UBE, PEG 1.13 0.4554 0.3445 141 1.41
UBE, PEG 1,48 0.5692 0.4512 1.48 1.42
UBE, PEG 1.30 0.4810 0.3964 1.52 1.52
TOSOH 1.38% 0.4252 0.4161 1.62 1.65
TOSOMH 1.033 0292 03149 1.70 1.68

s Volume, CC
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» | | Specimen mass ¢ 1933
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c.tr f UBE s*art.ng gcwder
| X Polyqglycol £4 .
{ !
i f
: J
o] o .
Q ! 2 3 4 3
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Figure 9a. intruded Hg volume versus pressure for a low density sample.
The low pressure at which intrusion begins (¢ 1000 psi) followed by rapd
complate INrusion 18 typcal of the low density green botivs of this study.
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Figure 9b. Intruded Hg volume versus pressure for a higher denslly sampie.
Mercury intrusion begins at a higher pressure (C2000 psi) and ievels off more
siowly, incicating the narrower and more distritated particie spaces typical of
the higher dansity green badies of this study.

From this data it can be inferred that the green bodies have no channels or passageways
larger than the size associated with the initial intrusion pressure. This does not mean that
very large pores do not exist within the green bodies; it is only the size of the interconnect-
ing passageways which affect the intrusion prcssurcs.“ Denser green bodies have narrower
median passageways, but a much wider passageway size distribution, as inferred by the flatter,
more clongated porosimeter curves,

These observations are illustrated in Figure 10. The lower curve indicates the pressures
at which the mercury first intrudes the samples. The upper curve is the median pressure at
which the greatest influx of mercury occurs.

It is apparent in Figure 10 that the intrusion pressures rise rapidly as the grcen densi-
ties approach 1.7 g/cc. Perhaps specimen cracking beyond these densities are duc to diffi-
culty in dewatering the slurries as the interparticle passageways become too narrow or even
nonexistent,

Ultrasonically determined moduli were obtained for the green bodies of Figure 10,

Young's modulus, E, and the shcar modulus, G, were calculated from the following cqumions:IS

14. LEFE, H. H. D. Vulidity of U'sing Mercury Porosimenry 10 Charoctenize the Pore Structures of ( ramic Greem Compacey. ], Amer. Ceram. Soc.,
v. 73, no. 8, 1999, p. 2305.
15. MCGONNAGLE, W. J. Nondeseructive Testing. Gordon and Breach, Science Publishers, Inc., New York, NY, 1961, p. 211,
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E = PV (1+ ) (1-2)/(1-%) (1)

G =PV|

where 2 = material density, V; = longitudinal wave velocity, V; = transverse or shear wave
velocity, and # = Poisson’s ratio = (E/2G) - 1.

Intrusion Pressures X 1000 psi

3
. &
»* U el
25 X B®
¢ TsH
[}
]
b
. Q
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15k o
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.x'* X %
- oy
am xx ’
5 - - - :
0 1.3 {4 5 1.6 1.7

Density, gfce

Figure 10. Intrusion pressures versus density. The initial and median
Intrusion pressures rise more quickly with density as the channels
between particles becomse narrower.

These equations are commonly employed with fully dense, isotropic materials, but evi-
dence of validity with porous sintered ceramics has rccently been cstablished.'® It has not
yet been fully determined that the moduli in ceramic green bodies can be accurately calcu-
lated by the previous formulae. Nevertheless, lincar relationships between the acoustic moduli
and green body densities in alumina and steatitc have becn demonstrated.'”  Lincar relation-
ships were also found for the silicon nitride green bodies of this study, as illustrated in
Figure 11. From this figure it can be seen that most of the combined density data fall on sin-
gle straight lines, with the exception of the specimens which contained the Polyglycol E400
additive. These specimens fall on scparate, lower lines. Evidently, ultrasonic velocities arc
sensitive to differences in green bodies processed with this additive. The differences are
likely structural and could affect subsequent sintering. A more dctailed analysis of the ultra-
sonic data is prescnted in Reference 17.

16, BHARDWAIJ, M. C. Simple Ultrasonic NDC for Advanced Ceramics Deselopment and Munufacture. Proceedingt of International Process
Modeling and Mechanical Behavior, Anaheim, CA, February 19-22, 1990,

17. QUINN, 1., and TARDIFF, L. Ulrasoniz Evaluaiion of Silicon Niovde Green Bodies. .S, Army Materials Technology L aboratory, MTLL
TR 91-19, May 1991,
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Figurs 11. Ulrasonically determined Young's modulus, E, versus density.
The sampies which contained the pelyglycol additive (PEG) comprise the
lower line, while the other sampies follow the higher line.

CONCLUSICNS

Slip casting of silicon nitride with 6% yttria, 2% alumina is controlled by numerous inter-
dependent variables, including solids concentration, pH, viscosity, and commercial processing addi-
tives. These variables can be optimized for starting powders in the as-received state, but initial
powder characterization will dictate achievable parameters. Further optimization would necessi-
tate powder surface treatments or changes in physical powder characteristics; e.g., milling.

A relatively narrow range of slurry solids concertrations resulted in good, uncracked green
bodies with the upper limit of this range producing the densest samples. Porosimetry results
suggest difficulty in extending this range if cracking is due to closed or narrow interparticle
channels within the specimen which would hinder dewatering and drying.

Nondestructive ult-asonic testing revealed a 'inear relationship between ultrasonic modul

and specimen densities, and also indicated differences in specimens processed with a commer-
cial plasticizer.

14




DISTRIBUTION LIST

No. of
Copies To
1 Office of the Under Secretary of Defense for Research and Engineering,

— b —

The Pentagon, Washington, DC 20301

Commander, U.S. Army Laboratory Command, 2800 Powder Mill Road, Adelphi,
np  20783-1145
ATTN:  AMSLC-IM-TL

AMSLC-CT

Commander, Defense Technical Information Center, Cameron Station, Building S,
5010 Duke Street, Alexandria, VA 22304-6145
ATTN: DTIC-FDAC

MIAC/CINDAS, Purdue University, 2595 Yeager Road, West Lafayette,
IN 47905

Commander, Army Research Office, P.0. 8ox 12211, Research Triangle Park,
NC  27709-2211
ATTN: [Information Processing Office

Commander, U.S. Army Materiel Command, 5001 Eisenhower Avenue,
Alexandria, YA 22333
ATTN:  AMCSCI

Commander, U.S. Army Materiel Systems Analysis Activity,
Aberdeen Proving Ground, MO 21005
ATTN:  AMXSY-MP, . Cohen

Commander, U.S. Army Missile Command, Redstone Scientific Information Center,
Redstone Arsenal, AL 35898-5241
ATTN: AMSMI.RD-CS-R/Nnc

AMSMI -RLM

Commander, U.S. Army Armament, Muniticns and Chemical Command, Dover, NJ 07801
ATIN: Technircal Library

Commander, U.S. Army Natick Research, Development and Engineering Center,
Natick, MA 01760-5010
ATIN: Technical Library

Commander, U.S. Army Satellite Communications Agency, Fort Monmouth, NJ 07703
ATIN: Technical Document Center

Commander, U.S. Army Tank-Automotive Command, Warren, MI 48397-5000
ATTN: AMSTA-ZSK
AMSTA-TSL, Technical Library

Commander, White Sands Missile Range, MM 88002
ATTN:  STEWS-WS-VT

President, Airborne, Electronics and Special Warfare Board, Fort Bragg,
NC 28307
ATTN: Library

Director, U.S5. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
MD 21005
ATTN: SLCBR-TSB-S (STINFO)

Commander , Dugway Proving Ground, Ougway, UT 84022
ATTh: Technical Library, Technical Information Oivision

Commander, Harry Diamond Laboratories, 2800 Powder Mill Road, Adelpht, MD 20783
ATTN: Technical Information Office

Director, Benet Weapons Laboratory, LCWSL, USA AMCCOM, Waterviiet, NY 12189
ATIN:  AMSMC-L(3-TL

AMSMC -( CB-R

AMSMC-L (B -AM

AMSMC -L (B -RP

Commander, J.S. Army Fareign Science and Technalogy Center, 220 7th Street, N.E.,
Lharlottasyville, VA 22901-.5396
ATTH: AIFRTC, Applied Technolngies franch, Gerald Schlesinger

Pltastics Technical Evaluation Center, (PLASTEC), ARDEC, Bldg. J5SN,
Picitinny Arsenal, NJ  07806-5000

Commander, 1.5, Army Aeromediral Research Unit, P.0. Bax 577, Fort Rucker,
AL 36360
ATIN: Technical Library

B R e IR S e




No. of
Coples To

- s

Py

Commander, U.S, Army Aviatfon Systems Command, Aviation Research and Yachnology
Activity, Aviation Applied Technology Directorate, Fort Eustis, VA 23804.557
ATTN:  SAVDL-E-MOS

U,S. Army Aviation Tra|n1ng Library, Fort Rucker, AL 36380
ATTN: Building 590685907

Commander, U,S, Army Agency for Aviation Safety, Fort Rucker, AL 36362
ATTN: Technical Library

Commander, USACDC Alr Defense Agency, Fart B)iss, TX 79918
ATTN: Technical Library

Clarke Engtneer School Library, 3202 Nebruskn Ave, North, Ft, Leonard Wood,
MO 85473.50

Cammander, t,S, Army Engineer Haterways Experiment Station, P, 0. 8ox 631,
Vicksburg, MS 39180
ATTN: Recearch Center Library

Commandant, U.S. Army Quartermaster School, Fort Lee, YA 23801
ATIN: Quartermaster Schoo! Library

Naval Research Labcratory. Washington, OC 20375
ATTN: Code 383
or. G. R Yoder - Code 6384

Chief of Naval Research, Arlington, VA 22217
ATTN: Code 471

Edward J. Morrissey, WROC/MLTE, Wright-Patterson Air Force, Base, OH 45433.6523

Commander, U.S. Afr Force Wright Research & Development Center,
Wright-Patterson Alr Force Base, OH 45433-6523
ATTN: WROC/MLLP, M, Forney, Jr.

WROC/MLBC, Mr. Stanley Schulman

NASA . Marshall Space Flight Center, MSFC, AL 35812
ATTN: Mr. Paul Schuerer/EHO1

U.S. Department of Commerce, Natioral Institute of Standards and Technology,

Gaithersburg, MO 20899

ATTN: Stephen M, Hsu, Chief, Ceramics Division, Institute for Materials
Science and Engineering

Committee on Marine Structures, !larine Board, National Research Councitl,
2101 Constitution Ave., N.W., Washington, DC 20418

Librarian, Materials Sciences Corporation, 930 Harvest Drive, Suite 200,
Blue 8ell, PA 19422

The Charles Stark Oraper Laboratory, 68 Albany Street, Cambridge, MA 02139

Wyman-Gordon Company, Worcester, MA (1601
ATTN: Technical Library

General Dynamics, Convair Aerospace Division, P.0. Box 748, Fort Worth,
X JEIC1
ATTN: Mfg. Engineering Technical Library

Department of the Army, Aerostructures Directorate, MS-266, U.S. Army Aviation
RAT Activity - AVSCOM, Langley Research Center, | ampton, VA+23665-5225

NASA - Langley Research Centar, Hampton, VA 23665-5225

U.5. Army Propulsion Directorate, NASA Lewis Research Center, 2100 Brookpark
Road, Cleveland, OH 44135-3191

NASA - Lewis Research Center, 2100 Brookpark Road, Cleveland, OH 44135-3191
Director, U.S. Army Materials Technology Laboratory, Watertown, MA 02172-0001

ATTN:  SLCMT-TML
Author




‘POAINOqO seM Alsuep ueesB ey PuR yNPOW DIUoTBYN By usemieq
diysuonu|es Jeeur| ¥ "881pOQ 16618 PexoRISUN 'POOD LI PIYNSSI SLOTEIUBOUSD SPIOS Auns jo oBuss
MOLIBU AjOANBIB) ¥ "POUILLISIOP OS{B SBM (INPOW JMUOSENIN BY | "POUILLISIOP BIOM BUIDEO} SPHOS Jue

IO 2P JO) soTIsUBD UGEIB PUE SONISOoRIA PeUIWEXE ore preBes snp ) quede Bursiedsip pur sueunsnipe
Hd Aq pesid se01 0y “wnipeus Buipuedens eyl PUS se1oUIRd BPIIIL LODHIS LY LGOMIS] EOVHIGIY

g jo Ansiueys ey st 1019%) Bunonuoo Aysoosia Arswud e "edeys puw ozis ojonsed jo epiIng e
-00d 2% Bty ¥ JUBILOD SPIOS AU LM MO| ANSOORIA AUNTS 1 deey Of orqeRIIsep 81 1 ‘Alfeiouen vpodus
90U L7 JO U0 ©Q O} PUNOY SBM ANSOOSIA 'RIGWEIB OSOU] JO "OPLIIL LOJNIS O OIZ1s USSID o1 pue

Ounews dys o) Jeney Y d o3 )0 SO eUTLITX® Aprae Siy] "#01WRIES 00 Buluno) 10] potpewl
Bursnuoxd w s; Ounsed diys oy BupeewBue Auwus 104 STepIPUED (Ui} U 8t 6pLnU uootg
uogezieRINYD 11002¥H-201 119 10efoid y/q 'sejqui-enyy

Buissesold -dd 21 ‘1668 10qweoe(q ‘25-16 HL TN Modey [eajuyse)
opuIu uoIg
spiopp Aoy uuinp jeusp
= 3AIHLIN NODMIS YNINNTY % 2 'VIHILLA %9 4O

NOUNGIMLSIA QI UNINHNN NOLLYATVYAT AGOS NI3FHO ONV DNILSYD diNs

Q31ISSYIONN 1000-2L1C0 SHESNYOBSSE)Y 'UFAOLOIBA

avy Aiojeroqe ABojouyse] siwuelep Awry 'Sy

‘peAseqo sSum Aiisuep ueeiB By PUR YNPOW HUOTENN B co.z..aoa
diysuoneies seoun y s9POq UeSIB PEXIRIGUN ‘POOD LY PENNSS) SLONRAUSIUDD spiios Auns jo eBuws
MOLIPU AGANUINI Y "POUILLIGISD OSIE F¥M [NPOW UOTRIYN BY] POUILLISIOP 633Mm BUIPRO) SpHOs e

-IOP 104 2oISUSD UEGID PUR SONINOONIA POUILIRXD 81w DseBes s Ut usde Bunuedsip pus quoeunsnipe
Hd Aq po/ud setos eys “wripew Burpuodsns oy pus so1IIEd BPUYL LOXYIN oL UGGMIE] SoEBIA

o o Aastuieyd e 91 20199} Buonuod Ayeoosia Arewsiid euy ‘edeys puw ez1s epdured jo opiing sais
-#0d % ybry ¥¥ JUSILOS SPIIOE SR Yum MOy AlROOSIA ALITS o1t doey O] erqRireep 8 | *Aviouey TwpOduy
POW 84} JO QU0 ©Q O PUNOY TUM ANSOOBIA “LINIEUIRIRD 9904 |0 SPIAIL OIS JO 1ms USE:S ey pue
Dunswd dys 01 1URAGIE) LU BUY) JO BWOS SOUTLIEXS ADMIS S1)  “$21LIBIES BeaY] BUIWIO] 10) POLOW
Bursiwosd ® 31 Sunses ditg ey BupeetnBuse Ausus 20§ SIRPIPURS JUBHEOXE U $) 6PLAIU LOONS

uoneZIIeeIeYD
Bujssesord
8piuL UodMIS

1100Z¥H-201 119 [100foid v/Q 'sejqer-eniy
-dd /1 '1861 10queds( ‘2G-16 HL 11N Uodoy jwojuyse)

spiop Aoy uuing jever

= 3AMHLUN NODIIS YNIWNTY % 2 'VIHLIA %9 40

NOUNBHLSIC GILUWNNN NOLLYNTYA3 AGOS N33HO ONY ONILSYD dIS
QIHSSYIONN 100024120 SHOSNYIVEST 'UMOLIOIUAL

Aoyesoqu ABojouyoe | siepoiepy Awiy 's'n

- > " = - - = e - - - - > - - - -

"POAIFSqO SEM Arsuop LB 8Ll PUR INPOW DIUOSENIN Byl UASMIBG
diysuone): feeun y '$91poq UeeIB pexInIoun ‘pool ut pelnses suoBAUESUOS Sprios Auns jo eBum
MOLBU A|OAIBIA) ¥ "POUILIGISP CS[B SBM IINPOW JUOSBIIN By | pounLIeiep B1em Buipeot spi1os ue

-SO1p o) son1suep 160 pue SENISOOTIA PeUILIEXE 81 Prefie) wi U KueDe Buisiedsip pue siusunsnipe
Hd Aq pehuid s0101 0y} “wntpew Buipuedsns eyl PUT SAOEAEA BPLIIU UOSM BY) USSMIB] SOVPOILY

" jo Anstuseyd e % Jo1o8) Buitionuoo Ausoouia Arsund ey ‘edeys pue ozie ejored jo spITING “SIqs
-s0d we 4By =% Jus1I0D SPIIOT B LM MOt Airsoosin Aunps e doox OF B1qEIISep 81 1 "AiBIBUSD ¥ rEUOdus
TOU! )] JO SUC 8] 01 PUNO TBM AISOTBIA ‘WIBIUIBIRG BEOYL JO "OPIIL UOINS JO 91918 Use D ey puw
Bunseo dits 01 1WWAGIS! RoeWENd SY) JO SWOS SOUILIEXS Apne eiy) “sonwUwes eseL Bunwiog 103 poyisit
B d v %) Bunwes diig BuuseuiBue Auww 10} STBPIPUTS JUBYEOXE 1B 81 BPINIU VOIS

uonezpewIvyy LL00ZPH-201 119 Weloid v/Q ‘sejqei-snjt

Buissesoly -dd /11661 10qweseq '2G-16 H1 TLIN Lodey (8a1uyoe |
Spu uodIg

spiop Aoy uuInD Jeusp

* 30MHUN NODIIS YNINNTY % 2 'VIHLIA %9 30

NOLLNBIYLISIO GIUWNNN NOLLYN VA3 AGOE N33HD ONY ONILSYD dNS

Q314ISSYIONN 1000-2L120 SHOSNYIBSSEYY 'UMOLOIUM
avy Kioyeioqen) ABojouydse] sienerepy Awry ‘SN

O - T - > > @ = % = - = = - - = S o - = " 4 = m S>> o -

‘poAIBIQO SEM ASUOD UBEID O PUT HNPOW DOSRIPN By ueam)eq
diysuoneies seout) y “se1poq uee)d pexdeIoUn 'pood Ut POYNSS1 SUOTBNUSNIOD spijow Angs jo eBue:
MOIIeU AIBATIRIO) Y "DOUILIOISD OS[B S¥M IINDOW DIUOSANIN BY | "PAUILLIOISD @10m Buipros spiot jue

-FeJp 10y SoMSUSD U010 puE SEACORIA PeUILIEXe o8 preBe; i Ut ueDs Bursredsip pue siueunsnipe
Hd Aq peheid tajo1 64y “wmpou Buipuedens eyl pus $91505vd SDIIU LOSHIS BU) LBGAWB] POBPBIUL

®q 0 Ansnweys oy 81 10158} Bur;oques Avooma Awird ey ‘edeys pue ez1e oponired jo epsing ‘eqrs
-e0d #% yBiy ¥ 1U6IVOD SP1I0s O LM MOy AreODRIA Amre B deoy OF exquIsep ®1 h AyEieuss JuTiodun
WO A} JO GUO 8q O] PUNO] TeMm AROOIA ‘LEIBWR IR #3011 ) “OPLIIU UOOINS 1O O1ETS UBesB By puw
Bunses dife 01 WBAGIe! w1elewRRd O 10 BWOS souILEXe Apme Y] sowesed eseyy Suiunog 1) poyiew
Outsiwosd ¢ &1 Bunsed dijs #9100 BupseurBue Auew 10) STEPIPUED JUOIISONS UN K] SPLIU VOIS

" uopwzuedEIRYD 11002¢H-201 119 :weloig y/g ‘seiqm-sny

Buissesosd -dd £} "1661 1pQuI299() ‘26~ 16 Y1 LN Hodey feojuyse ]
opUL Ui

SpIOpA A0) vunp) UYL

= 3A”HLUN NODMIS YNINNTY % 2 "VIH1ILA %9 40

NOILLNEIHLSIA Q3 LWNNN NOULLYNIVAI AGOS NIIHO ONY DNILSYD dNS

Q314ISSYIONN 1000-ZL120 SUSSNUIPSSBIN ‘UMOUSIEM
av Aioioqey ABojouyde ) sreueieyy Awsy ‘'S’

.



